Abstract: In this project, a wing tip of a real aircraft was designed and manufactured. This wing tip
INTRODUCTION
In this paper, the open loop control, communication and calibration studies and testing of a morphing wing-tip system are presented.
This integration was realized in the frame of the multidisciplinary CRIAQ (Consortium of Research in Quebec Aerospace Industries) MDO 505 project.
The CRIAQ MDO-505 international project was realized at the ETS between Canadian and Italian teams.
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This project has been funded by Bombardier Aerospace and Thales, CRIAQ and the Natural Sciences and Engineering Research Council of Canada (NSERC).
The Canadian teams came from Aerospace industries such as Bombardier Aerospace and Thales, from the research institute IAR-NRC, and from Ecole Polytechnique. The Italian teams came from Alenia, CIRA, and University Frederico II from Naples.
In the CRIAQ MDO 505 project, research was done on a real industrial aircraft wing tip that was equipped with kulite pressure sensors, and electrical in-house actuators.
This project was a continuation of a previous CRIAQ MDO 7.1 project in which research was performed on a wing box equipped with kulite pressure sensors, and smart material actuators.
In the previous CRIAQ 7.1 project, various methodologies for a laminar to turbulent flow transition controller were designed, and further tested and validated in the Wind Tunnel at the IAR-NRC on this wing box. These methodologies were described in Refs 1-16. While in the former CRIAQ 7.1 project, no real wing was considered (and only a concept of a morphing wing was studied, thus no structural constraints were present), in the CRIAQ MDO 505 project a real wing demonstrator was considered for an existing aircraft, that had the real dimensions and real life structural constraints of a real wing tip, thus it was designed under real-life structural constraints.
This wing tip consisted of a wing and an aileron. Two main cases were considered for the design and testing of the morphing phenomena: a morphing wing and a rigid conventional aileron; and a morphing wing and a morphing aileron.
DESCRIPTION OF THE TECHNICAL DEMONSTRATOR
The technical demonstrator of a real industrial aircraft wing tip (wing and aileron) is shown in Figure 1 .
The internal structure and the dimensions of his wing tip are realistic, as they were provided by industrial partners.
In addition, its dimensions were chosen to fit also the dimensions of the IAR-NRC subsonic wind tunnel space and force balance limitations.
The main dimensions are the root chord of 1.5 m and the tip chord of 1.08 m. As seen in Figure 1 , the wing is equipped with a flexible skin manufactured in carbon fibre reinforced composite, that is delimited by its front and rear spars.
The difference between the non-morphed and morphed wing and aileron configurations could be seen on Section A-A of Figure 1 .
The upper skin of the wing is equipped with two rows of pressure kulite sensors. Each row contains 16 'kulite' sensors.
One row is situated on the chord-wise direction at 600 mm, while the other row is situated on the chord-wise direction at 625 mm measured from the wing tip.
These kulite sensors measure the pressure distribution, as well as the flow transition from laminar to turbulent flow.
On the rest of the wing tip model, such as the wing leading edge, its inner surface and the aileron, pressure taps were installed with the aim to measure pressures on the wing.
Four axial actuators were placed inside the wing box, as seen on Figure 2 . These actuators were on the two central ribs.
Each actuator moved in both directions (up and down), and was equipped with a piston that was also attached to the upper skin from the wing inside. Each piston was linked to a lead screw. The screw translated the turning motion of a gearbox into a linear motion. Brushless DC motors moved the gears inside the actuator mechanism and allowed the piston to move linearly. The piston was monitored using a Linear Variable Differential Transformer (LVDT) sensor. This LVDT was used to give an accurate measurement of the skin displacement. This position sensor was fixed in parallel with the piston, and its tip was linked to the piston, so that their motion was synchronized. Thus, the skin shape changed using four actuators displacements. In this paper, the entire controller system architecture, software and hardware is presented for the morphing wing-tip. The wing upper skin was morphed with the main aim to delay the flow transition, thus the laminar to turbulent flow transition.
In this way, the aerodynamic performances of the prototype were improved considerably. The demonstrator was further operated and controlled during Wind Tunnel Tests for a high number of cases (more than 100) by use of the sophisticated and highperformance control and monitoring system that is here explained.
COMMUNICATION HARDWARE
The embedded real time controller PXI-e 8135 bought from National Instruments ® was the main piece of the system here described. The controller was running a real time operating system, and was connected to system hardware peripherals through several input and output modules, as seen on Figure 3 . This controller was monitored by the Host PC via an Ethernet network using the TCP/IP communication protocol, as a static IP address was used that could be personalized and fixed by the system operator.
The windows machine (the Host) was used for the control program deployment, system state control, and data monitoring in real time. The modular hardware architecture of NI systems has made our task easier, as it afforded a way to connect several wing peripherals with different I/O signals to the control unit. It was possible to process the data from 32 pressure channels sampled at 20 KHz and 4 analog LVDT sensor signals, as well as to manage a CAN-based network with four field devices (Epos2 drives). Useful features such as Ethernet ports helped to implement the communication with the aileron drive, so that the entire system could be monitored remotely from the control room during wind tunnel tests (Ref [23] [24] .
The integration of communication tools was also performed. In order to modify the skin shape of the wing, CANopen communication was established to control the motors positions based on the 'LVDT sensors' feedback.
The differential bus signaling of the 'CAN' field network makes it robust regarding EMI noise inside a wind tunnel. The 'CANopen' application layer allowed high configuration flexibility, offering the ability to program devices by choosing a specific performing mode, and by mapping the drive parameters for real time data broadcasting, that was the basis of the subsequent position closed loop.
The Modbus TCP protocol was easy to use as it did not require a special interface to physically connect to the PXI-e controller. Using motion tasks with the aileron position control has greatly simplified the protocol implementation, which was based on elementary read/write operations on Modbus registers.
CALIBRATION PROCEDURE
After setting up the communication mechanisms, it was unrealistic to maintain the position that a simple open loop command would be sufficient to obtain accurate skin displacement control. After the starting of the skin shape control operations, several issues began to appear. The first (and quite major) issue concerned that the skin displacement was not matching the desired input value. Several tests led us to better understand the actuator response, which was nonlinear and not repeatable (uncertain reference point); we concluded that some mechanical issues (play in the gearbox, linkage between components) were the main causes.
Problems such as 'dead zone nonlinearity' and 'uncertain reference point' were solved by using a closed position control loop based on LVDT sensor feedback. The PID controller was tuned using the 'Hardware in Loop' (HIL) approach; the 'inline gains' were tuned until the optimal actuator response was obtained.
The use of the closed loop strategy made possible the indirect control of the skin displacement with a level of efficiency and reliability. Using look-up tables to determine the relationship between skin displacements and their corresponding LVDT indications was not practical and had, also, poor precision.
The calibration procedure was further adopted to determine the LVDT values required to match desired skin displacements. Based on data sets of the desired skin displacement values for each flight case it was possible to retrieve the LVDT set point values for actuator displacements.
Automating the procedure made it easy to run and much less time consuming, especially in the wind tunnel environment.
The efficiency and the robustness of the developed communication and control methods were investigated during the bench tests at the ETS firstly in the absence of aerodynamic loads. The wind tunnel tests proved that we could operate the wing control system directly, and closely monitor the tests' progress during two campaigns. We achieved our goal regarding control and integration, as we did not have any kind of communication failure or control instability.
The control results and more precisely, the static errors on each actuator for the position control loop will be also given in details. Globally, errors were found to be within the desired limits. In certain cases, errors exceeded the limit (only during calibration), but it was easy to repeat them given the flexibility of the calibration procedure. We present here results of the research for the wind tunnel tests validation of the numerical results.
WING SKIN MORPHING IN OPEN LOOP
The mechanism used to morph the skin is essentially composed of two parts: 1. the actuation mechanism (which contains the BLDC, gear box, lead screw and piston) and 2. the actuator displacement sensor (LVDT).
When designing this mechanism it was thought that skin displacement would be linearly dependent on morphing mechanism displacement, but when we started working on the wing prototype, some unexpected problems appeared, thus making the control task more delicate and complicated.
It was believed that the desired skin displacement would be obtained by moving the actuators with the needed exact value (displacement of the piston in mm = number of motor rotations/100); in other words, by acting on each actuator in order to achieve the correct number of rotations.
However, when applying an input command to each actuator, the LVDT indication did not match either its desired value or the real skin displacement.
Figure shows the skin response (represented by a 'continuous line') after applying an input command to the first actuator. Measurements on both LVDT and on the skin are represented on this figure, as well as the desired input command.
The graph shows that the measured LVDT indications are always smaller than the desired values.
This offset between the actuator position (motor angle) and the 'LVDT indication' may be caused by the mechanical play inside the actuator mechanism and the difference between the desired and measured displacement on LVDT constitutes the compensation for this mechanical slack.
The second issue is that the 'measured skin displacement' above the actuation point is also smaller to the desired displacement and the LVDT measured value. Possible explanations are that the wing structure (ribs, spars…) is not perfectly rigid but somewhat elastic and intern interactions between the skin and actuators; therefore, a displacement of 2 mm of the worm and wheel gears will not be entirely transmitted to the skin. Otherwise, the lower wing skin would be slightly changed. Another issue is that the non-morphed position is not well defined and there is no reference that indicates the zero displacement point. In fact, when mounting the actuator inside the wing, each actuator should have its piston near the half-travel position and this position will be considered as zero displacement position.
LVDTs should be placed so as to show almost zero mm of displacement; however, once we began moving the actuators, we noticed that the same input command with two different signs (e.g., +1 mm then -1 mm) did not bring the mechanism back to its initial position (based on LVDT indication). Also, since the motors are controlled by electronic drives, it is not possible to save the actual position of the motor when the drive is turned off or restarted (the actual position value will be lost).
Given all of the above issues, we started thinking about using LVDT indication as a reference for the displacement of each actuator. In fact, unlike the electronic drive, LVDT has the advantage of retaining the measured value even when not excited (turned off), so it could be used as a reference for measuring the actuator stroke.
Noticing that there was a difference between the input command and the measured deflection of the skin, we tried to establish a correlation between the measured deflection of the skin and the indicated displacement value on LVDT. The idea was to represent the variation of the skin displacement versus LVDT indication in relationship to the zero deflection value of the skin. This representation would help to analyze and better understand the mechanical behavior of the entire system. Table 1 shows the results of the experiment for each actuator. These measurements will be used to define the 'dead zone' for each actuator. In the above graph, the measured deflection is represented both on the LVDT and on the digital dial indicator (skin displacement measurement) for the actuator '1'.
The curve with square marks, which represents the measured deflection on LVDT versus the desired input, shows a nonlinear behavior of the mechanism, while the graph becomes linear outside this zone. We can also see that the skin does not move for the steps between -0.25 mm and 0.3 mm on the desired input (curve with cross marks). The same type of behavior was observed for the actuators '2', '3' and '4'.
Since the LVDT indication is the only reference that will be used for displacement control, the measured real skin displacement is plotted against LVDT indication ( Figure 6 ) to determine the 'dead zone' amplitude in terms of LVDT measurement variation. As we can see, the curve (with cross marks) shows "a dead zone nonlinearity"; in other words, the skin doesn't move during a certain range of values on the LVDT, indicating that the actuator is rotating but not producing the desired effect on the skin.
Outside this range, the actuator is tight to the skin and the graph becomes almost linear. The 'middle of the dead zone' will be considered as a reference position and an offset value (half of the dead zone amplitude) will be considered for each LVDT channel; in this way, our reference position will be 0 mm of displacement on each LVDT. For this value, actuator mechanisms are in the middle of the 'dead zone, ensuring that the skin is not morphed at all (graph with circle marks).
The zero mm on LVDT should correspond to a null displacement value of the skin, which is not the case in the graphic ( Figure 6) ; the problem is just a zero set issue on the digital dial indicator.
The same operation was performed using the remaining actuators by allowing us to resolve some of the noted critical issues. This preliminary "calibration" is very important at this step and will help us to achieve our primary goal of morphing the wing.
The next step is to identify how to control the wing based on the measurement feedback from the LVDT value, since this measurement is the absolute reference for defining the real shape of the flexible skin.
RESULTS OF WIND TUNNEL TESTS CALIBRATION
For the first set of wind tunnel tests, only 38 optimized shapes were planned for testing purposes. Calibration took place after installing the wing model inside the wind tunnel at the IAR-NRC in order to obtain accurate calibration measurements. Figure 7 shows the errors of the calibration procedure; these errors correspond to the differences between desired and measured displacement values obtained for the actuators. The errors are calculated separately for each actuator. As shown on Figure 7 , an error exceeding 0.1 mm of amplitude was obtained for flight case number 2 for actuators '1' and '3'. This error was unacceptable within the fixed criteria, so that this flight case was repeated separately for more precision. For the rest of flight cases, results were overall acceptable, since errors were smaller or equal to 0.05 mm.
Because of the fact that Digital Dial Indicators could not be used to measure skin displacements in the presence of the winds, the accuracy of skin shapes compared to the desired ones were verified by comparison of the obtained LVDTs values during aerodynamic tests, with the LVDTs values during calibration (which were used as set points during aerodynamic tests). In Figure 8 , displacement errors distribution were shown for each actuator, and for each flight case. For all 38 flight cases, and for all 4 actuators, the error remained smaller than 0.03 mm. This error level was ensured when added to calibration error, since cumulative error would not exceed the level of 0.8 mm in the worst case.
During the second set of wind tunnel tests, 97 flight cases were considered, since several aerodynamic optimized configurations were added to verify the accuracy of the comparison between numerical and experimental results. The aerodynamic performances were presented and discussed by the aerodynamic team for the first and second sets of wind tunnel tests in Refs. [17] [18] [19] [20] [21] [22] . The pie chart shows the percentage breakdown of errors obtained during the calibration procedure for each actuator in Figure 9 . The calculated absolute error shown above is the difference between the desired skin displacement value and the displacement value measured during calibration. Error exceeds 0.04 mm of amplitude in only one flight case, number two, where errors were 0.08 mm and 0.06 mm respectively, on the first and third actuators.
The flight case was recalibrated in order to obtain acceptable error amplitude (generally a value lower than 0.05 mm) and an error of 0.03 mm was obtained.
For the rest of the flight cases, the error did not exceed 0.04 mm of amplitude for all actuators as seen on Figure 9 .
As previously mentioned, the wind tunnel tests took place at the Institute of Aerospace Research (IAR)-National Research Council (NRC) subsonic wind tunnel in Ottawa, Ontario, Canada.
The closed circuit wind tunnel had a square testing chamber with cut corners. The test section dimensions are 2.74 x 4.5 x 1.93 (H x L X W) and the section area is 5.04 m 
CONCLUSIONS
In this work, results obtained for the open loop procedure of the morphing wing skin were presented for a morphing wing tip. The modular hardware architecture of NI systems has afforded a simple way to connect several wing peripherals with different I/O signals to the control unit. It was possible to process the data from 32 pressure channels sampled at 20 KHz and four analog LVDT sensor signals, as well as to manage a CAN-based network with four field devices (Epos2 drives). Useful features such as Ethernet ports helped to implement the communication with the aileron drive, so that the entire system could be monitored remotely from the control room during wind tunnel tests.
The calibration procedure was further adopted to determine the LVDT values required to match desired skin displacements. Based on data sets of the desired skin displacement values for each flight case it was possible to retrieve the LVDT set point values for actuator displacements. Automating the procedure made it easy to run and much less time consuming, especially in the wind tunnel environment. More details can be found in Refs. 25-30. 
